The synthesis of a novel photochromic dithienylethene-based polyurethane and its characterization by optical spectroscopy and scanning tunneling microscopy are presented. This linear polyurethane builds up perfect free-standing films suited for photonic applications. Moreover it may be extruded to long mechanically stable fibers. The photochromic reactions of the polyurethane, as being the electrocyclic ring-closure and ring-opening reactions of the dithienylethene unit in the polymer backbone, occur in a completely reversible and highly efficient fashion.
Introduction
Several new photochromic 1,2-bis[2-methylthien-3-yl]hexafluorocyclopentene (BMTFP) derivatives have been developed in the recent decade to receive considerable attention because of their highly sophisticated technical potential for numerous future photonically based applications suited for molecular data storage and further optical nanoscopic application design studies [1] .
The photochemically induced electrocyclic ring-opening and ring-closure reactions of this dithienylethene based photo-system occur in the conrotatory mode, while the thermally activated ground-state reactions, predicted by the Woodward-Hoffman rules [2] to take place in the disrotatory mode, are sterically hindered by the two methyl groups in the 2-position of the thiophene rings. The open isomer of the BMTFP derivatives is colourless and absorbs light in the UV spectrum, while the S 0 -S 1 absorption band of the closed isomer appears in the visible spectral range. This bathochromic shift depends on the interaction of the π electron system of the dithienylethene unit with conjugated substituents in the 5 position of the thiophene rings. We could show that suited aromatic and polyenic substituents may shift the S 0 -S 1 absorption maximum in the red up to 700 nm [3] [4] [5] [6] . In addition we have recently closed comprehensive spectroscopic investigations of the photochemical reaction mechanism and dynamics processes using stationary UV/vis and femtosecond transient absorption spectroscopy [7] [8] [9] . The analyses of the spectroscopic data in terms of the reaction potential model yield that the ring-closure reaction takes place between 1 and 10 ps, whereas the kinetics of the ring-opening reaction is in general slower with time constants between 10 ps and several ns.
Nowadays photochromic polymers are developed for optical data storage area media or as reversible, light-triggered UV blocking materials suited for sun-glasses or contact lenses, blend-glasses for automobiles or stationary applications and as reversible and re-usable UV indicators. Our research activities are focused onto various photosensitive polymer materials such as polymer nitrones [10] , polymer mesoionic pyridinium olates [11a], chalcones and cinnamic acids [12a,b] .
In this contribution we report on the synthesis, structural and optical properties of a novel photochromic polyurethane built on the BMTFP switching unit. This photochromic main-chain polymer combines the linear-polymer structural features with the photochromic properties of the BMTFP units. Until now, however, there is only little experience on the interaction of dithienylethene based polymers. Irie et al. [1,13a-d] and Lehn et al. [14a-c] have published synthetic approaches to new polymeric, dithienylethene-incorporated materials, mainly via polymerization of corresponding acrylates or methacrylates. Zerbi et al. [15a,b] developed a very rigid main-chain BMTFP oligomer.
In general, linear polyurethanes are obtained from a stepwisely performed polyaddition of a dihydroxy compound with a diisocyanate. In this context we report on the synthesis of a novel, flexible, film-building polyurethane containing linearly linked BMTFP chromophors as well as the characterization of its structural and optical properties using scanning tunneling microscopy (STM) and optical spectroscopy techniques.
Synthesis
Linear polyurethanes in general have favorable properties like high melting temperatures and exhibit good thermoplastic behavior to give excellent polymeric coatings [16] . For the synthesis of the linear polyurethane from 1,2-bis-(2-methyl-5-hydroxymethylenethien-3-yl)hexafluorocyclopentene 2 and hexamethylene diisocyanate 3, the literature-known [3,17a,b] 1,2-bis-(2-methyl-5-formylthien-3-yl)hexafluorocyclopentene 1 was reduced with sodium borohydride in absolute methanol to yield the resulting 1,2-bis-(2-methyl-5-hydroxymethylenethien-3-yl)hexafluorocyclopentene 2 in very high yield. The bismethylene alcohol derivative 2 is then mixed in bulk with an exact 1:1 mole ratio of 2 to 3 to give the desired polyurethane 4 in bulk (see Scheme 2) after heating the resulting mixture to 180 -190°C and stirring for less than 30 min [16] . Irradiation of spin-coated polymer films deposited on a glass substrate; free-standing polymer film as foil and as melt-drawn polymer fibers; structured surfaces were irradiated through a negative image mask Gel permeation chromatography (GPC) of polymer 4 yields a weight-average molecular weight of 3.27·10 6 and a number-average molecular weight of 1.38·10 4 . Thermal analyses show that the open-isomer polymer and the closed-isomer polymer have nearly the same glass temperature at T g = 60.3°C.
Results and discussion
The photochromic chromophor of the polyurethane 4 is the extensively studied 1,2-bis(2-methylthien-3-yl)hexafluorocyclopentene (BMTFP) unit. The photochromic 4 Click here to see the video electrocyclic reaction of this class of compounds has been intensively investigated for more than 10 years and is well understood for several BMTFP derivatives tailored for optical data storage applications in the near future. The UV/vis absorption spectra of the open and closed ring isomers and their dynamic evolution at irradiation are depicted in Fig. 1 After irradiation of the open-isomer polymer a bathochromic shifted absorption band at λ max = 518 nm evolves with rising irradiation time. This S 0 -S 1 absorption transition of the closed isomer arises from the π conjugated electron system which is efficiently extended over the BMTFP unit. Because of the high quantum yield of the ring-closure reaction for UV-A irradiation, the open-isomer polymer 4 acts as an excellent UV-A blocker as well as UV-B blocker when the closed-isomer will be formed.
The ring-opening reaction is induced by irradiation with visible light at 520 nm, and the colourless open-ring isomer will be completely formed after a sufficiently large irradiation dose. The ring-closure and ring-opening reaction of the polymer in solution and in bulk films may be carried out for several times without any loss of reaction quantum yield.
The structural properties and electronic structure of the open isomer and closed isomer may be also illustrated by the semi-empirically calculated HOMO and LUMO [18] . The coefficients at the 2-position of the thiophene rings, where the ring-closure and ring-opening reactions actually occur, have in fact, in the case of the HOMO (see left side of Fig. 3 ), the same positive orientation. In this context it should be pointed out that in our previous work fast photophysical kinetics (1 -10 ps for the ring-closure reaction) of the BMTFP system has been documented [7] [8] [9] . Fig. 3 ). This should also have significant influence on several optical properties, e.g., on the refractive index. Polyurethane 4 is soluble in N,N-dimethylformamide or m-cresol. Spin-coated polymeric films of this material can be easily deposited on glass plates or on polymer or metal substrate-carriers (see also the UV light developed films in the inset in Fig. 1a ). The denser packing presumably ensues from structural reorganization processes within the strands that are induced by the ring-closure reaction. The average length of the back-molar like bumps with 2 nm perfectly matches with that of the monomer unit of BMTFP-HDI PU. The maximum of the bumps is formed by the maximum π-electron density which is localized at the respective dithienylethene unit in the aliphatic polymer backbone. These lined-up bumps with a length of 2 nm, a width of about 2 -2.5 nm and a height of a few Å are assigned to an inparallel stacking of 4 to 5 linearly aligned BMTFP-HDI PU chains in a single strand. This implies that the BMTFP-HDI PU chains form H-aggregates during the depositing process on the HOPG substrate. Moreover, the differences in the structural features of the open-state and closed-state BMTFP-HDI PU strands clearly demonstrate the action and the effect of polarized UV light onto this type of photochromic polymers (see Figs. 4 -6 ). As mentioned above, the strands containing the closed-isomer polymer are denser packed than those of the open-isomer polymer. This implies that the photochemical ring-closure reaction does not only cause an intramolecular structural change but also a significant photo-alignment effect that may be reversed by unpolarized green light.
These reversible molecular processes of photo-alignment and photochemical electrocyclic reaction are the best qualifications for photo-controllable structural and optical properties of the BMTFP-HDI PU films. In particular, the time evolution of photoinduced optical birefringence reflects both, the structural effect by of photo-alignment and its dynamics.
Using the casting technique, BMTFP-HDI PU films of thickness between 40 and 50 µm on glass substrates were prepared from a saturated dichloromethane solution. The photo-induced optical birefringence of the BMTFP-HDI PU films was measured, 9
either by irradiating the initially prepared, isotropic open-isomer polymer films with unpolarized UV light (313 nm) of a mercury high-pressure arc to obtain an isotropic closed-isomer polymer film, or by irradiating the closed-isomer polymer film with unpolarized green light (540 nm) of a xenon high-pressure arc. Optical birefringence was induced into the closed-isomer polymer film using the polarized output pulses of a frequency-doubled, Q-switched Nd:YAG laser (532 nm) at an excitation density of 4 mW/cm 2 or into the open-isomer polymer film using polarized UV light (313 nm) of a mercury high-pressure arc at an excitation density of 11 mW/cm 2 . In both cases, the rise of the optical birefringence was monitored detecting the light intensity of a 645 nm-diode laser through crossed polarizers by means of a photomultiplier. The diode laser light overlaps spatially in the polymer film and is in-parallel polarized with the birefringence-inducing green laser beam or focused UV light and passes after the sample the orthogonally aligned polarizer, when the polymer film starts to act as a λ/2 plate. The rise of the photo-induced birefringence is mono-exponential and has a time constant of 110 s (see Fig.7 ). Fig. 7 . Rise of optical birefringence induced in closed-isomer BMTFP-HDI PU film with a thickness of 40 µm using polarized 532 nm Nd:YAG laser pulses and monitored through crossed polarizers using the 645 nm light of a diode laser
Conclusion
We have developed a new photochromic polyurethane 4 that undergoes a completely reversible photocycle in solution as well as in coated films. The unique property of the dissolved BMTFP-HDI PU, while deposited on surfaces, is its structural self-organization in form of ideally linear strands which are formed by Haggregated linear polyurethane chains. Taking STM images we could show that the conformation and alignment of the polyurethane chains are altered in the course of the ring-closure reaction. Since the ring-opening reaction is associated with the twisting of the thiophene rings in the BMTFP unit, the observed UV light induced photo-alignment effect should be completely reversed upon the action of visible light. This implies that the nanoscopic BMTFP-HDI PU structures can be reversibly photoaligned. The photo-switchability of the macroscopic optical and structural properties of BMTFP-HDI PU films were verified by monitoring the time evolution of photo- Additional experiments on this promising new material are currently underway in combination with experiments on other obtained photopolymers based on the presented photochromic polymer type. These results will be published elsewhere.
Experimental part

General syntheses and methods
All syntheses were carried out under argon or nitrogen atmosphere and were monitored by thin layer chromatography using aluminium-backed silica gel (230 -400 mesh). They were handled carefully to protect the material strictly from daylight. GPC: TSP P100 (column: Hema3000/100/40; refractive index detector: Shodex RI-71; solvent N,N-DMF / LiCl at 1 ml/min and 75°C). 1,2-Bis-(2-methyl-5-formylthien-3-yl)hexafluorocyclopentene 1 as starting material for the synthesis was synthesized according to a literature-known method [3] .
1,2-Bis-(2-methyl-5-hydroxymethylenethien-3-yl)hexafluorocyclopentene 2
3.39 g (8.0 mmol) of 1,2-bis-(2-methyl-5-formylthien-3-yl)hexafluorocyclopentene 1 was added in small portions carefully to an ice-cooled solution of 0.97 g (25.6 mmol) sodium borohydride in 75 ml absolute methanol. After the complete amount of the bisaldehyde 1 was added to the sodium borohydride suspension, the mixture was stirred for further 30 min with external ice-cooling. The reaction mixture was then allowed to assume room-temperature for 45 min. To complete the reaction, the slightly yellow coloured solution was then stirred at 50°C. At the end of the reaction time 50 mg of sodium borohydride was added and the orange-yellow mixture was then cooled slowly to room-temperature with stirring. Then 50ml of a 1 wt.-% hydrochloric solution was added carefully to the reaction mixture. The water phase was extracted four times with each 100 ml of diethyl ether. The combined organic phase was washed neutral with water and dried over anhydrous sodium sulfate. After removal of the diethyl ether in vacuum the raw slightly red coloured product was refluxed for 10 min in n-hexane for further purification. In the end, the pure product 2 was cooled to room temperature and filtered off, yielding 3.18 g (92. 
BMTFP-HDI polyurethane 4
A 10 ml flask was carefully heated to 100°C in an oven, then cooled and flushed with nitrogen. 1071.1 mg (2.50 mmol) of 1,2-bis-(2-methyl-5-hydroxymethylenethien-3-yl)hexafluorocyclopentene 2 and 420.5 mg (2.50 mmol) of pure hexamethylene diisocyanate 3 were added. The mixture was stirred under a steady stream of argon and carefully heated with an oil-bath. At 100 -110°C bath temperature the stirred mixture melted and cleared. The temperature was then risen slowly to 160°C over 15 min. The stirred mixture became very viscous. To complete the reaction the mixture was heated to 180 -190°C bath temperature for further 20 min. The polymer was taken out of the flask and was cooled to give a red coloured hard polyurethane 4 (m. 
